is an error-prone enzyme which has been found to be overexpressed in several human tumors. By using a couple of recombinant CHO cells diering only from the exogenous expression of Pol b b, we showed here that cells overexpressing Pol b b are much more sensitive to IR treatments by increasing apoptosis. We also found that the surviving cells displayed an hypermutator phenotype which could be explained by dierent pathways involving Pol b b, such as (i) an increased capacity to incorporate into DNA the mutagenic dGTP analog, 8-oxo-dGTP, one of the most abundant purine-derived nucleotides exposed to g girradiation, (ii) the induction of IR-induced DNA breaks and (iii) accumulation of chromosome aberrations induced by radiation. Alteration of Pol b b expression in irradiated cells thus appears to strengthen both cell death and genetic changes associated with a malignant phenotype. These data provide new insights into the cellular response to radiations and the associated carcinogenic consequences.
Introduction
To reach the biological alterations that occur in cancer cells, it has been argued that the genome of tumor cells must acquire increased mutability (Loeb, 1991) , which can be explained by a malfunction of a network of genome stability systems, e.g., cell cycle arrest, DNA repair, and high accuracy of DNA synthesis during DNA replication. Together, these highly conserved functional pathways act to limit cancer risk in healthy somatic cells. Among the possible mutagenic pathways involved, we and others have demonstrated deregulation of error-prone DNA synthetizing enzymes as a potential source of genomic alterations (Canitrot et al., 1999; Loeb and Loeb, 2000) . Inactivation in the pol Z gene, found in the skin cancer XP-V patients, results in hypermutability of cells by UV radiation (Maher et al., 1976) . The case of DNA polymerase b has been also analysed (Canitrot et al., 1998; Srivastava et al., 1999) . Pol b is one of the structurally simplest of the known mammalian DNA polymerases, which is believed to function primarily in the repair of damaged bases in normal somatic cells (Sobol et al., 1996) . It is a monomeric protein of 335 amino acids (39 kDa) that lacks exonuclease activities and whose enhanced expression has been demonstrated by our laboratory to result in an increased mutation frequency (Canitrot et al., 1998) . At the transcriptional level Pol b is overexpressed in many cancer cells (Scanlon et al., 1989) . High levels of Pol b have also been detected at the protein level in ovarian tumors (Canitrot et al., 2000) as well as in prostate, breast and colon cancer tissues where the enzyme amount was respectively 11-, 286-, and 22-fold higher compared to adjacent normal tissues (Srivastava et al., 1999 ). Furthermore, Pol b level and activity are increased by 10-fold in chronic myelogenous leukemia (CML) patients (unpublished data). We previously demonstrated that overexpression of Pol b in cells resulted also in a highly mutagenic tolerance phenotype to bifunctional cross-linking agents used in cancer chemotherapy such as cisplatin, melphalan, and mechlorethamine by facilitating the bypass replication process of the associated adducts, suggesting that the enzyme may have a role in tumor progression during chemotherapy (Canitrot et al., 1998) . Inversely, we found that a deregulation of Pol b rendered the cells hypersensitive to the cytotoxic action of antimetabolites used in chemotherapy such as Ara-C (unpublished data) or 6-TG by facilitating the incorporation of the triphosphorylated forms of these analogs into DNA (Bergoglio et al., 2001) . We addressed here the question of the potential implication of excess Pol b directly in response to another major therapeutic source, the ionizing radiations, which are known to induce a variety of DNA lesions, through the formation of excited and ionized molecules, including damage to nucleotide bases, cross-linking, and DNA single-and double-strand breaks (DSBs). Although radiotherapy does play a key role in the treatment of many tumors, the carcinogenic potential of IR has been demonstrated (Little, 2000) . It is now accepted that, in addition to base damage such as thymine glycols, misrepaired DSBs are the principal lesions of importance in the induction of both chromosomal abnormalities and gene mutation (Goodhead, 1994; Ward, 1995) . Here, we found that deregulation of expression of Pol b in cell increases dramatically both chromosomal abnormalities and gene mutation induced by IR, with a collateral hypersensitive phenotype. Molecular bases for such ®ndings are proposed in regards to the biochemical properties of the polymerase. These mechanisms could be of importance in the areas of research that may relate speci®cally to the induction of cancer by IR.
Results

Up-regulation of Pol b results in hypersensitivity to IR and induced apoptosis
A DNA expression vector was constructed harboring the cDNA encoding the rat DNA Pol b and was transfected into CHO-AA8 cells, a derivative of the CHO-K1 cell line, leading to a Pol b overexpression and speci®c over-activity in these pol b transfected cells. We conducted clonogenic experiments after treatment with increasing doses of ionizing radiations with two independent pol b : sh cellular clones (polb1 : Sh and polb3 : Sh) which overproduce the enzyme by three-and fourfold (Figure 1 ), concommitantly with the isogenic control sh. In at least three separate experiments performed in duplicate, we demonstrated a signi®cant hypersensitivity of cells upregulating the enzyme compared to the control cells (Figure 1 ). For 7.5 Gy, we were unable to detect any pol b3 : sh clone while about 1% of sh cells were alive for this dose. Induced apoptotic cell response was then examined initially by measuring the nucleosomal degradation ( Figure 2a ). In cells overexpressing Pol b, we found that IR-induced apoptosis seems to be enhanced but, because nucleosomal degradation assay is poorly sensitive, the study was further conducted by examining apoptotic cell fraction among the population of pol b1 : Sh and pol b3 : Sh cells exposed to IR. Nuclear morphology was analysed at 0, 24, and 48 after irradiation (3.5 Gy) and the resulting apoptotic phenotypes were quanti®ed (Figure 2b,c) . We found that IR-induced apoptosis is enhanced by about twofold extent in both cell clones overexpressing Pol b.
Deregulated Pol b increases mutation frequency induced by IR irradiation
To compare the mutation frequency in the surviving irradiated cell lines which overexpressed Pol b (pol b1 : Sh and pol b3 : Sh) versus the control cell line, we measured the frequency of mutations in the survival cell fraction by a conventional methodology testing the appearance of mutational events leading to a resistance phenotype at the locus encoding the purine salvage enzyme hypoxanthine guanine phosphoribosyl transferase (HPRT). After irradiation, cells were allowed to grow for 1 week before plating in 6-thioguaninesupplemented medium, grown for one additional week, and 6-TG R mutant colonies were counted. A signi®cant increase in mutagenesis for the two independent pol b : sh cells relative to the sh cells was observed in three independent experiments using 2 and 5 Gy irradiation doses (Figure 3) . At 5 Gy, this increase reached more than 4.5-fold.
Enhancement of IR-induced nucleotide instability by excess pol b
One of the possible molecular bases explaining the enhanced IR-induced mutagenesis in cells overexpressing Pol b could be the misinsertion secondary to high level of incorporation of oxidatively modi®ed deoxynucleotides like 8-oxo-dGTP, a mutagenic analog of dGTP, one of the most abundant purine-derived (Figure 4a ). With the pol b1 : sh and pol b3 : sh cell extracts, we found respectively a 1.7-fold and a 1.4-fold higher 8-oxo-dGTP incorporation levels ( Figure 4b , lower part). These data suggest that the error-prone features of Pol b and its ability to incorporate eciently nucleotide analogs during DNA polymerization reaction (Bouayadi et al., 1997; Louat et al., 2001 ) may contribute to the observed enhancement of IR-induced mutagenesis.
Improvement of IR-induced DNA breaks by deregulated Pol b
DNA single-and double-strand breaks are the most prevalent lesions induced by IR. Misrepair of these DNA breaks, which are potential substrates for recombination events, may be important in the induction of genetic instability after radiation. We investigated the direct eect of Pol b abundance into the cell regarding this type of DNA damage by submitting both cell lines sh and pol b : sh to single cell gel electrophoresis after a 3-Gy radiation exposure. As shown in Figure 5 , we found a higher tail moment in two independent pol b : sh cell lines as compared to the control ones by a 2.6-and 3.9-fold, strongly suggesting that overexpression of Pol b resulted in additional DNA strand breaks induced by IR. Taken together, these data suggest that, in addition to enhanced incorporation of oxidized nucleotides, increase of DNA breaks due to Pol b expression could Quanti®cation of apoptosis (c) was conducted using at least 400 nuclei of one control cell line (Sh) and two independent cell lines (pol b1 : sh and pol b3 : sh) and the ratio of nuclei bearing apoptotic bodies versus total stained nuclei was determined. Results are the mean+s.d. of three separate experiments Figure 3 Ionizing radiations-induced mutagenesis in sh (solid bar), pol b3 : sh (open bar), and pol b1 : sh (dashed bar) CHO cell lines. For determination of ionizing radiations-induced mutagenesis, cells were treated at 2 or 5 Gy, allowed to grow for 1 week before plating at 10 6 cells in 6-thioguanine-supplemented medium, and grown for one additional week. Next, plates were ®xed, stained with crystal violet, and 6-TG R mutant colonies larger than 50 cells were counted. Results are the mean+s.d. of three separate experiments explain the observed increase in genomic alterations induced by IR.
Radiation-induced chromosomal abnormalities are potentiated by excess Pol b
The predominant molecular-structural changes associated with radiation-induced mutations are large-scale events including loss of heterozygosity (LOH) (Yandell et al., 1986) . These changes may include deletions, chromosomal rearrangements or recombinational processes. Here, we analysed the modi®cations induced by deregulation of Pol b expression at the chromosomal level by performing metaphase preparations 24 h after 2 Gy irradiation for both sh and pol b3 : sh cell lines. We observed more than fourfold IR-induced aberrations per cell in the context of excess Pol b (Figure 6a ). Among the types of aberrations, we detected triradials, quadriradials, looped, dicentric, and rings (see illustrations in Figure 6b ). Dicentrics as well as rings were the most important aberrations seen in the pol b : sh cells analysed. Moreover, a signi®cant twofold level of persisting IR-induced breaks per cell were detected, corroborating the data that we presented in Figure 5 . Globally, the elevation in the average number of chromosomal modi®cations per irradiated cell when Pol b is highly expressed is about 2.8.
Discussion
Radiotherapy is one of the major treatments for a wide range of human tumors although the exact pathways leading to radiation-induced cell death have not been elucidated yet. Ionizing radiation induces two types of cell death that are routinely referred to as apoptosis and mitotic catastrophe by a loss of reproductive integrity after inappropriate entry into mitosis (Chang and Little, 1991; Dewey et al., 1995; Hendry and West, 1997) . However, the carcinogenic potential of ionizing Cells were irradiated at 3 Gy in ice and immediately submitted to SCGE. The result shown is corrected by the basal tail moment of non treated cells (result is from a representative experiment, repeated independently two times). The tail moment, calculated by multiplying the total intensity of the comet tail by the migration distance from the center of the comet head, was used as measure of DNA damage radiation has also been demonstrated (Little, 2000) , supported by the emerging ®ndings from various epidemiologic studies in human populations receiving radiation exposure from dierent sources, including medical. The general characteristics of radiationinduced cancer in vivo and of cellular transformation in vitro were well established, especially the nature of the critical DNA lesions induced by radiation and how these relate to their mutagenic eects. In the present study, we assessed the eect of deregulated Pol b, a genetic event observed in several human tumors, on these dierent cellular responses to IR, i.e. cell death and genetic instability. By using as models isogenic rodent cell lines exposed to radiation, we ®rstly found an hypersensitivity phenotype concomittant to an increase in apoptotic cell death when the polymerase is highly expressed. Radiation may thus represent an adapted ®rst-round therapy against tumors which upregulate Pol b. Secondly, we demonstrated that, among the minority cell population that survived, the mutagenic potential of radiation was intensi®ed on the hemizygous HPRT gene. In the course of the identi®cation of molecular factors responsible for the acquisition of a mutator phenotype by deregulation of expression of an error-prone DNA polymerase, we showed the ability of excess Pol b to enhance incorporation of mutagenic nucleotide analogs produced by IR. This is not surprising regarding the features that distinguish pol b from the replicative polymerases: the lack of associated proofreading activity, which results in low ®delity in replicating DNA in vitro, and a poor ability to discriminate nucleotides at the level of binding (Copeland et al., 1992; Kamath-Loeb et al., 1997) . Evidence that a mutator phenotype can result from nucleotide instability was delineated by studies on microsatellite instability in hereditary non-polyposis colon cancer cells (HNPCC) (Ionov et al., 1993; Peinado et al., 1992) , which present de®ciencies in genes involved in DNA mismatch repair, resulting in mutations at the nucleotidic level that were well identi®ed at repetitive nucleotide sequences that undergo expansion or retraction between or within genes (Markowitz et al., 1995; Rampino et al., 1997) . We can speculate that a comparable mutator phenotype would result from enhancement of incorporation, during DNA synthesis processes, of mutagenic analogs by interchangeability of DNA polymerases. Here, high expression of Pol b oers the possibility of its substitution for the more accurate replicative enzymes, rendering the replicative process error-prone.
We also demonstrated that deregulated Pol b results in modi®cations at the chromosomal level, the ampli®cation of the level of DNA breaks and aberrations induced by radiation, which have been speculated to play a role in the process of radiation carcinogenesis (Vamvakas et al., 1997 ). This suggests that high level of Pol b, which magnify these chromosomal modi®cations, may therefore predispose the minority of the cell population which survives the radiotherapy for high tumour incidence when exposed to radiations. These data raise questions about the mechanism(s) involved. One explanation is based on the direct mutagenic impact of the high level of the error-prone enzyme, resulting in the numerous changes altering the function of the genes involved in DNA transactions or in chromosomal partition.
Alternatively, the excess polymerase may trap proteins and/or enzymes responsible for the repair of the radiation-induced DNA damages. These protein factors are usually engaged in genomic stability pathways like recombination or repair and lack of repair would leave unresolved damage in the genome, which may trigger a signal resulting in apoptosis or which may give rise to mechanical problems aecting chromosomal segregation, resulting in a high incidence for aberrations. Pol b is the BER pathway polymerase and to evaluate the eciency of the BER activity in cells overexpressing Pol b, we found previously that the sensitivity to methylating agents such as MMS was not aected (Canitrot et al., 1998) and that the repair of the MMS lesions evaluated in an in vitro assay was not increased (Canitrot et al., 2000) . However, we cannot rule out that the repair of other types of damage processed by the BER pathway may be aected. Pol b has been previously demonstrated to interact with XRCC1 (Caldecott et al., 1996) , Ligase I (Dimitriadis et al., 1998) , the AP endonuclease (APE) (Bennet et al., 1997) and more recently with p53 (Zhou et al., 2001) . These`trapping' eects may result in de®ciency in the BER pathway. In this regard, it is interesting to note that the XRCC1 defective cell line EM9 have been shown to be hypersensitive to the cytotoxic and Thompson et al., 1982) . The de®ciency in XRCC1 does therefore resemble the Pol b eect that we observed here, supporting the hypothesis of XRCC1 trapping eect. The genetic analysis of the repair of DSBs indicates that it involves recombinational processes. While DSBs can be repaired by homologous recombination in an error-free manner in yeast (Petrini et al., 1997) , this mechanism is apparently uncommon in mammalian cells and most DSBs appear to be repaired by an illegitimate recombination process that is error-prone and thus likely accounts for many of the potentially mutagenic DNA lesions induced by radiation. This process of non-homologous end rejoining involves protein complexes, such as the well-characterized DNA ± PK complex, the kinase activity being dependent upon the binding of the Ku protein to the broken DNA ends (Singleton et al., 1999) , or the one which includes hRad50 and hMre11 (Carney et al., 1998) . Interaction of highly expressed Pol b with one or several protein partners belonging to these complexes needs to be investigated.
In conclusion, our present results propose Pol b as an enhancer of IR-induced genomic changes. A further investigation of the molecular mechanisms involved would provide important insights not only into the cell death but also into the cell transformation induced by radiation.
Materials and methods
Cell culture and survival analysis
Pol b-overexpressing plasmid pUTpolb was constructed following a procedure previously described (Bouayadi et al., 1997) to be stably inserted into the genomic DNA of transfected CHO cells. Pol b cDNA was fused in frame with the bacterial Sh : ble gene confering resistance to the broadspectral zeocin xenobiotic of the phleomycin family. The fusion did not alter Pol b expression (Bouayadi et al., 1997) . Sensitivity of the cell lines was determinated by clonogenic assay. Cells (500 per dish) were plated in 25 cm 2¯a sks and let attach overnight. Then cells were irradiated, in growth medium, using a cobalt-source irradiator (IBL 437C type H, Oris industries SA). After 6 days post-treatment incubation, colonies were ®xed with methanol, stained with crystal violet and colonies of more than 50 cells were scored and the percentage of survival was determined.
Detection of apoptosis
For cell death analysis, cells were irradiated at 3.5 Gy in growth medium, as decribed. Floating and attached cells were harvested at 24, 48 and 72 h after irradiation. Cells (3610   6   ) were pelleted, rinsed with PBS and digested overnight at 378C in 1 ml of lysis buer (10 mM Tris-HCl, pH 8.0, 100 mM EDTA, 0.5% SDS) and 0.5 mg/ml proteinase K. The lysate was extracted twice with phenol/chloroform. DNA was precipitated with 0.04 volume of 5M NaCl and 0.6 volume of isopropanol, recovered by centrifugation, dissolved and treated with Rnase A for 1 h at 378C. DNA was electrophoresed in 1.8% agarose gel. Gel was stained with ethidium bromide (1 mg/ml, 30 min), destained in distilled water and DNA pattern was photographed under ultraviolet illumination.
Quantification of apoptosis
The morphology of apoptotic cells was examined 24, 48 and 72 h after irradiation (3.5 Gy), by staining cells with thē uorescent dye, DAPI (Sigma). Cells ( 2610 5 ) were pelleted, rinsed with PBS, ®xed with formaldehyde 3.7% and spread out on a microscope slide by centrifugation. Then slides were rinsed with PBS and incubated with DAPI (1 mg/ml). Fluorescence observation was performed with a Zeiss axioskop microscope; at least 200 cells were scored for each experimental point.
Mutagenesis analysis
For determination of ionizing radiation-induced mutagenesis, cells were irradiated at 2 or 5 Gy, as described above, and allowed to grow 1 week. Then replica cultures were plated at the density of 10 6 cells and exposed to 20 mM 6-TG-containing media in order to determine the number of HPRT mutants. After one additional week, macroscopic colonies were scored and mutation frequencies were calculated by correcting for plating eciency and IR survival.
Preparation of replicative cell extracts
The procedure for CHO extracts preparation has been done following the protocol previously described (Homann et al., 1996) . Brie¯y, the cells were grown as monolayer cultures then washed with ice-cold PBS, scraped o the plates, and harvested by centrifugation. The cell pellet was suspended in hypotonic buer (10 mM Tris-HCl, pH 7.5, 10 mM KCl, 10 mM MgCl 2 , 1 mM DTT) containing protease inhibitors and disrupted in a Dounce homogenizer. Nuclei were harvested by centrifugation and the nuclear proteins were extracted in hypotonic buer containing 350 mM NaCl. Cytosolic and nuclear extracts proteins were precipitated by addition of ammonium sulphate and the precipitates were resuspended in dialysis buer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM mono-K glutamic acid, and 10% glycerol) and dialyzed for 2 h at 08C. The extracts were frozen in liquid nitrogen and stored at 7708C.
Measurement of incorporation of 8-oxo-dGTP [a-
32 P] during DNA synthesis
To measure incorporation of 8-oxo-dGTP during DNA synthesis we generated plasmids with gaps of about 28 nucleotides which are gaps produced during the repair of UV damage.
Preparation of gapped duplex DNA
The 2959 bp pBS (pBluescript KS + ; Stratagene) plasmid was prepared by alkaline lysis method from E. coli JM109 and puri®ed by one cesium chloride and two neutral sucrose gradient centrifugation. pBluescript KS + plasmid was treated with UV light (300 J/m 2 ) at 254 nm. In order to obtain gaps, UV-treated plasmids were incubated with Hela cell extracts to obtain incision and gap generation (Calsou et al., 1992) . The incision was performed as already reported (Calsou et al., 1992) . The reaction mixture (50 ml) contained 300 ng of damaged pBluescript KS + closed circular plasmids, 200 mg cell extract protein and 70 mM potassium glutamate in reaction buer containing 45 mM HEPES-KOH (pH 7.8), 7.4 mM MgCl 2 , 0.9 mM DTT, 0.4 mM EDTA, 40 mM phosphocreatine, 2.5 mg phosphocreatine kinase, 3.4% glycerol and 18 mg bovine serum albumine and 4.5 mM aphidicolin. After 2 h at 308C, the reaction was stopped by the addition of 0.5% SDS and 0.1 M EDTA. Plasmids were treated by gentle manual agitation with 200 mg/ml proteinase K (428C, 1 h), puri®ed by phenol-chloroform-isoamyl alcohol extraction, ethanol precipitated, washed in 70% ethanol, dried and redissolved in TE buer.
DNA synthesis on gapped DNA
The DNA synthesis assay was performed as already described (Wood et al., 1988) . When noticed, rat Pol b, puri®ed as described (Kumar et al., 1990) , was added. One unit of Pol b corresponds to 1 nmol of dNTP incorporated into acid-insoluble materials at 378C in 60 min, by using as a substrate an activated calf thymus DNA pre-incubated with DNAase I. The reaction mixture (50 ml) contained 300 ng of pBluescript KS + plasmid, 10 mM radioactive [a 32 P] 8-oxo-dGTP (kindly provided by Dr H Hayakawa, Fukuoka) and 20 mM of each dATP, dCTP and dTTP, 200 mg cell extract protein and 70 mM potassium glutamate in reaction buer containing 45 mM HEPES-KOH (pH 7.8), 7.4 mM MgCl 2 , 0.9 mM DTT, 0.4 mM EDTA, 2 mM ATP, 40 mM phosphocreatine, 2.5 mg phosphocreatine kinase, 3.4% glycerol and 18 mg bovine serum albumine. Incubation was 3 h at 308C. Before the electrophoresis on a 1% agarose gel containing 0.5 mg/ml ethidium bromide, plasmid DNA was puri®ed from reaction mixtures and linearized with EcoRV, and electrophoresed on a 1% agarose gel containing 0.5 mg/ml ethidium bromide.
Quantification of repair
Gels were dried and processed on a Phosphorimager (Storm System, Molecular Dynamics TM ) and the radioactivity quanti®ed (Image quant 1.1 software). Photographs of the ethidium bromide stained gels were scanned and processed to normalize for plasmid DNA recovery.
Single cell gel electrophoresis DNA breaks were detected by alkaline single cell gel electrophoresis as described by (Gedik et al., 1992) . Cells were harvested in growth medium, and irradiated at 3 Gy in ice. Cells were embedded in agarose and then spread on a frosted microscope slide. Cells were lysed in 2.5 M NaCl, 10 mM Tris-HCl, 100 mM Na 2 EDTA, 1% Triton X-100, 10% DMSO, pH 10, for 1 h at 48C. After lysis, cells were preincubated for 20 min at 48C in the electrophoresis buer (0.3 M NaOH, 1 mM Na 2 EDTA, pH 13.5) and then subjected to alkaline gel electrophoresis (300 mA, 48C, 20 min). Neutralisation of the pH, is performed in Tris-HCl pH 7.4, three times 5 min before ®xation 3 min in methanol. After SCGE, cell DNA was stained with ethidium bromide (2.5 mg/ ml), and visualized by¯uorescence microscopy. Slides were analysed by computerized image analysis (Casys system, Synoptics Ltd, Cambridge, UK) to quantitate DNA damage. The tail moment, calculated by multiplying the total intensity of the comet tail by the migration distance from the center of the comet head, was used as measure of DNA damage. Sixty cells for each experimental point were scored from two slides.
Karyotype analyses
The two cell lines were irradiated at 2 Gy, as described previously. Twenty-four hours after irradiation cell cultures were incubated in medium containing nocodazole (0.1 mg/ml) for 3 h. Mitotic cells were isolated, incubated in hypotonic medium and ®xed with methanol, and the chromosomes were stained with DAPI (Sigma). At least 100 metaphases spreads were scored for each experimental point.
